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ABSTRACT

;:’The feasibility of using rocket-triggered lightning as a research
and development tool for testing hardware is investigated. Previous
experimental work in the area is examined and used as the foundation for
the experiments in this thesis to establish the significant factors of a
successful lightning-triggering station. Using a point charge model,
computer simulations were performed to determine the most probable loca-
tions of the charge centers associated with the triggered discharge.
Five electric field records obtained from field mills were used to
perform this simulation. A full scale test technique configuration
is proposed for subjecting representative Air Force subsystems and
components to the lightning threat. A conclusion is drawn that such
a system is feasible at Mt. Baldy, New Mexico with minor augmentations

of the existing facilities of the Langmuir Laboratory.
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I. INTRODUCTION

The Air Force Wright Aeronautical Laboratories/Atmospheric
Electricity Hazards Group (AFWAL/FIESL), sponsor for this thesis work,
is the Air Force focal point for lightning effects to aircraft. As
such, it is their responsibility to develop protection techniques for
aerospace vehicles against the lightning threat. This threat is multi-
faceted, involving both direct.catastrophic damage and induced effects
resulting from the varied high voltage/high current phases of a given
lightning discharge. In recent years the problem has been exacerbated
by increased dependence upon sophisticated electronics for mission
critical and even flight critical subsystems, which appear to be
susceptible to lightning effects in the 1-50 MHz range. In order to
assess a system's lightning susceptibility, a means of testing it to
the actual (or reproduced) threat is desired. It is towards this goal

that this thesis is aimed.

Description and Terminology

To help illuminate the problem, it is beneficial to first describe
the lightning discharge process. The following discussion will also
establish the reference frame and terminology to be used throughout
this thesis. There are two types of lightning discharges: (1) a cloud-

to-ground flash and (2) an intracloud flash. Unless otherwise stated,

future discussions will concern ground discharges. A succinct description

presented by Uman, et al (Uman, 1978),will be paraphrased. The full

lightning discharge event is called a flash and lasts an average of 0.5
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seconds. The flash is comprised of individual discharges called strokes !
lasting on the order of milliseconds with the time between strokes on
the order of tens of milliseconds. There are nominally four strokes
per flash, but this number can vary greatly. The first stroke is initiated
by a weakly Tuminous channel of charge called a stepped leader since it
propagates in increments (or steps) of about 50 meters. When the stepped
leader approaches the ground, the electric field is sufficient to cause
an oppositely charged channel to emanate from the ground and propagate
towards the Teader. When these channels meet, a highly Tuminous surge
of current called the return stroke travels back up the leader channel
carrying ground potential into the cloud. This current is typically on
the order of tens of kiloamperes. Some tens of milliseconds after the first
stroke is completed, a subsequent leader/stroke process {dart leader/

restrike) may occur in the same channel of the previous stroke. During

the time between strokes in the flash, small increments of charge may
redistribute themselves either slowly (J-change) or abruptly (K-change)
as denoted by electric field records.

The interaction of a lightning discharge with an in-flight vehicle ]
is not fully understood and will merely by highlighted in this discussion. é
A vehicle flying in the environment of strong electric field would have i

induced charge migrating in response to the ambient field. The resultant

field of the charged vehicle would tend to discharge by corona streamering
and could produce a lightning strike to the aircraft. These types of
direct strike lightning attachments could be part of a cloud-to-ground

or intracloud lightning discharge.




Problem Definition

The problem facing the aerospace/lightning community has several
parts. First, the lightning threat to which aerospace vehicle systems
are exposed is not well understood. Uncertainties in magnitudes and
time frames as well as different explanations for physical processes
introduce variances which increase the range of possible threat inputs
resulting from a lightning discharge. Addressing this part of the
problem, the Air Force has an on-going program to characterize the
lightning threat to in-flight aircraft.

The second part of the problem is properly simulating the threat
once it is known. Present lightning simulation capabilities have many
deficiencies} most notably is the limited scale to which the threat can
be reproduced. Generators are capable of reproducing a given parameter
of the lightning discharge but --~nnot duplicate at full scale all
of the lightning parameters and pertinent conditions concurrently.

k generator example is the FIESL Lightning Current Injection Test hardware
which is capable of subjecting an aircraft to a representative lightning
current waveform of average strike magnitude (30 KA), at risetimes on

the order of 2 microseconds and at voltage levels of 200 KV. These

values are less severe than those associated with actual lightning and
analytical methods for scaling to full threat levels have not been proven.
In addition, this generator is only capable of a single unipolar pulse.
Many generators would be required with timed sequential firing to simulate
the subsequent strokes (or restrikes) of a given lightning discharge.

Another deficiency arises from the testing facility. How severe is

the impact of the facility on the simulation? The answer to this question




has not been quantified and, of course, depends on the test configuration,
particular threat input, generator noise, and test object similitude.
Still more subtle points concern the test implementation. It is suspected
that placing the test object in a high field environment, causing it to
streamer before arc attachment of the simulated threat input, would be
closely representative of the actual strike case. Laboratory experiments
(Butters, 1978) have shown increased electromagnetic effects when the

test object is streamering and attached via an open arc (which is a

strong electromagnetic noise source) as opposed to hard wiring attachment.
How closely this streamering/open arc case represents the stepped leader/
arc channel is still unknown.

The final part of the problem involves proof testing. This is
important for both hardening testing and verification of analytical
models of lightning/vehicle interactions. Simulators of the magnitude
required for this case are non-existent. This fact and lightning's
unpredictability often cause items to be "proof tested" when the system
is inadvertantly struck during a mission, sometimes with catastrophic
results.

One possible approach to overcome these limitations is to employ
rocket-triggered lightning (RTL) as a test technique. This concept uses
a small rocket to deploy a thin wire between the ground and a charged
thundercloud. Under sufficient conditions, lightning will be discharged
through the wire between cloud and ground. Although the physics of RTL
is not fully understood, triggered lightning does provide a controlled

source which can be compared in magnitude and time of occurrence of the




events with nétural lightning. In addition, the applied threat need
not be fully characterized in advance and the RTL test can contribute
data towards the understanding of that threat. Although the rocket-
trigger system has its own peculiarities, "facility effects" are likely
to be reduced. Therefore, such a test technique should also contribute

to the understanding of the lightning/vehicle interaction process.

Purpose and Scope

The purpose of this thesis is to evaluate the feasibility of using
rocket-triggered lightning as a tool for research and development
investigation in the area of lightning effects. For this to be
determined, the following items need to be addressed: £

a) the appropriateness of rocket-~triggered lightning as a threat i

source for hardware testing:
b) the identification of the important parameters and factors for j
a successful triggering station;
c¢) the application of the above information to a test technique
configuration for subjecting hardware/components to Vightning
stress.
Although these points were researched, the depth of investigation was
unfortunately limited by a small data point sample with some information

irrevocably lost during the experimental phase of this thesis. ¥

General Approach

This effort commenced by reviewing pertinent literature concerned

with the development of rocket-t:igyered lightning to determine the

5




state of the art. An experimental phase was then conducted to identify

the significant parameters and isolate potential problems of the
triggered lightning concept. After analyzing results, the information
learned was applied to the development of a triggered-lightning test
technique proposal. The proposed configuration is an outgrowth of an
AFWAL short term requirement and allows a first order attempt at full

scale lightning testing of hardware.

Organization
In Chapter II the background of rocket-triggered 1ightning is

discussed showing the developmental history of the concept and the

significant advancements of the art to date. Chapters III, IV, and V

are devoted to the thesis experimental phase, results, and analysis
with computer simulation. A proposed rocket 1ightning-triggering
station, satisfying the immediate needs of the AFWAL, is presented in
Chapter VI. Finally, in Chapter VII, conclusions are detailed and

recommendations are discussed.




I1. BACKGROUND

To enhance the understanding of research in the area of triggered
lightning, it is necessary to review and discuss previous efforts
which have had an impact on the state of the art. Related analytical
and hypothetical background will be reviewed and the pertinent experi-
ments concerning wire/rocket triggering will be discussed. The
significant experimenters whose work is directly related to that reported
in this thesis are divided into three chronological as well as geographical
groups: (1) Lightning and Transients Research Institute reported in
the late 1960's; (2) French Office National d'Etudes et de Recherches
Aerospatacles (0.N.E.R.A.) reported in the late 1970's; and (3) New Mexico
Institute of Mining Technology (NMIMT) reported in the late 1970's.
Since these thesis experiments were performed in conjunction with NMIMT

efforts, their foundation will also be discussed in this section.

Hypothetical and Analytical Background

During the course of lightning research throughout the years, many
observations have been devoted to determining the necessary conditions
for a lightning discharge. Beginning with statistics of strikes to
large structures (McEachron, 1941, and Hagenguth, 1952), each subsequent
investigation (e.g., Ogawa, 1964, and Uman, 1964) enhanced the knowledge
of the phenomena. Culmination of work atop Mt. San Salvatore (Berger, 1967)

was a major achievement in the characterization of 1ightning from ground

observations. Berger's nine years of research accumulated a data base of
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6,490 natural lightning stroke statistics and measured current wave-

forms of both positive and negative charge of both upward and downward

propagating lightning discharges. With higher and faster flying
aircraft, lightning incidents appeared to be an increased problem
(Fitzgerald, 1968). This precipitated more research and led some to
suspect that the aircraft was not just getting in the way of a
lightning discharge, but was instrumental in triggering the stroke
(Shaeffer, 1972). Up to date analysis indicates that this conjecture
may actually be the case (Clifford, 1980). Statistics of environmental
conditions during incidents of 1lightning strikes to aircraft reported
by Clifford, indicate a large static charging rate which develops into
corona streamering from the aircraft extremities. This streamering

is postulated to form a conductive wake which extends the effective
conductive length of the aircraft, which in turn shorts the electric
field gradient, and triggers a discharge from some charge center nearby.
Airborne observations produced another avenue via which to increase the
understanding of the discharge and potential triggering processes.

Small laboratory experiments performed at NMIMT (Brook, 1961) to
investigate triggering phenomena used a thin wire to attempt to trigger
the discharge of a long spark gap charged with a Van de Graff generator.
With a stable wire suspended in the gap, a discharge would not occur
due to corona current "bleeding" the charge. However, when the wire
was propelled into the gap, a triggered discharge resulted showing the
dynamic transient to be an important factor. Another common 1ink
between early experiments and later observations of artifically triggered

lightning was the existance of an electrical field in the neighborhood of




10 KV/m and the length of the "triggering conductor" being sufficient
so that the potential discontinuity between the conductors and the

atmosphere approached one megavolt (Pierce, 1972). This 10 KV field/
megavolt gradient value will be later referred to as Pierce's criterion

for triggering lightning.

Successful Triggering Experiments

The first lightning triggering experiments that can be considered
operationally successful were those performed by Lightning and Transients
Research Institute in 1965 (Newman, 1964, 1967, 1968) using rocket
launched wires . The objective of these efforts was to obtain additional
data for the evaluation of the lightning threat to aircraft and thereby

aid development of protection measures.

S e -

The basic equipment consisted of approximately one meter long
rocket pulling a fine stainless steel wire to a maximum altitude around
500 m. The other end of the wire was attached to an instrumentation
platform which was connected to ground by a single current shunt arrange-

ment, with a control spark gap for handling higher currents. The entire

system was installed aboard a ship so that the surrounding ocean could
provide a uniformly level ground plane (Newman, 1967).

The rocket was fired when the monitored electric field gradient was
sufficiently high to indicate suitable conditions for a natural lightning
discharge (nominally 10 KV/m). If a discharge was triggered, it attached
to the launched wire, following the wire to the instrumentation platform

and through the current shunt/spark gap to ground. Open shutter still

photos and Fastax high speed motion pictures were the optical documentation.




Oscillograms of individual discharges current waveforms were obtained
in both long window (= 1 second for detecting slow continuing current and
restrikes) and short window (= 40 ms for examination of sharp current
peak in detail).

The results of these efforts are quite significant. Using the Summer
of 1966 experiment as an example, seventeen discharges were triggered
with twenty-three rocket firing attempts. Thirty percent of the
discharges were triggered before the rocket reached 70 m altitude.
This shows that the artificial triggering of lightning can be accomplished
with a reasonable degree of success to be considered for further
applications. The scale and values of Newman's experiments were part of
the evidence for Pierce's criterion. The wire deployment via rocket is a
dynamic process which introduces transients into the E-field shown important
by Brook, 1961. Close observations of the triggered discharges with
still and high speed motion picture cameras revealed a lightning channel
diameter of 5 cm and a violent local motion of the arc channel translating
its position by as much as 2 m before the next restrike (approximately
40 msec). This channel diameter is in agreement with that obtained from
fulgurites in sand (Schonland, 1950), but is larger than those from holes
in fiberglas bonnets (Uman, 1964). Although these items could be
observed via natural strikes to a prominent object over a period of many
years, the triggering concept allows a great number of specimens for
study in an abbreviated time span with a precise location and time, and
this is its real significance. The major drawback of this series of
experiments was the lack of coordinated data acquisition at supplemental

locations to complement that obtained at close range. Since the technique
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for triggering lightning is feasible, the question must be asked,

how similiar is triggered lightning to naturally occurring lightning?

This question will be addressed later in this thesis.

Refinements and Enhancements

The next major leap forward in triggered lightning research was
experiments conducted by the French Office National d'Etudes et de
Recherches Aerospatiales (0.N.E.R.A.). Originally concerned with the
protection of power transmission lines and equipment, the French scien-
tific offices jnintly supported a substantial investment to construct
a lightning triggering and studying facility in the Massif Central
(France) community of Saint Privat D'Allier in 1973. This facility
used a similar rocket-wire technique shown feasible by Newman.

The test station consists of (Fieux, 1977):

a. a 24 m tower with rocket launcher platform on top (shown in

figure 1);

b. a ground level launching range;

c. a magnetic field meter with a frequency response from 150 Hz

to 20 MHz recording the first peak;

d. an electric field dipole antenna with 1 KHz - 10 MHz response;

e. a 5 milliohm shunt with 86 nsec response and capable of 100 KA

for discharge current measurements;

f. recorders of both DC - 10 KHz response for continuous records

and 10 KHz - 3 MHz response for detail over small window; and
g. still, motion and streak cameras' (20 cm/sec) view of the

discharges and oscilloscope tracings of E and B waveforms at

|




various distances from the launch site ranging from 200 m

to 55 KM.
Rocket firing procedures are similar to Newman's in which the ground
electric field potential gradient of 9 - 10 KV/m is used as firing
indicator. Results similar to Newman's were achieved: 62 triggered
flashes out of 89 correct firings through the 1976 season for 70%
success rate vs. 75% for Newman. More recent attempts have improved
that percentage of success to about 80% (Boulay, 1979). Showing that
this technique can be just as successful over land where the fields are
not likely to be as uniform as over water was important. However, the
real significance of this continuing effort is the quality of fast
data obtained by modern instrumentation with fast response (< 100 ns)
and large bandwidth (> 20 MHz), and the quantity of coordinated data

from various locations for the same stroke. The fast instrumentation

has shown peak current risetimes typically from 0.3 to 1.5 microseconds,
much faster than those that were or could be obtained by Newman. A 3
large volume of instrumentation is needed for a comprehensive under- f
standing of the process and to help verify theoretical calculations of }H

lightning parameters via distant field measurements. Occasionally,

a natural discharge occurred within the instrumented area. A comparison

of these natural and triggered strikes has shown similar fast rising
structurg repeating throughout the flash, but the natural discharge

has a slightly slower rise to the first peak of 1.5 - 2 microseconds
(Fieux, 1978). An anomalous triggered discharge is one that does not
follow the wire to ground. This kind of discharge occurred in 8 of the

62 flashes. One such anomalous flash is shown in Figure 1 with the
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wire clearly visible to the left of the flash. It is obvious that the
metallic wire was not the preferred path at the time. However, the
French measurements show that the anomalous triggers initially draw
current through the wire, melting it, as in cases for standard triggers,
before the current suddenly drops to zero and the flash discharges
elsewhere. No satisfactory explanation has been presented why this F
column of vaporized metal is not the preferred path, particularly when ib
one of the discharges attached to the top of the wire/rocket before
flashing to ground elsewhere. it
As of this writing, the French station is continuing to pursue
an active research program in triggered lightning studies, including
support to other experimenters (Ruhling, 1974), and additional contri-

butions to this field in the near future are expected.

Thesis Experiment Foundation v

The experimental work to be detailed later in this thesis was §
performed at the Langmuir Lab facility of the New Mexico Institute of [
Mining Technology (NMIMT) atop Mt. Baldy near Socorro, New Mexico. !
The Institute's past experience involved several attempts with different i
rockets and guns to propel wires for triggering lightning discharges i
(Moore, 1978). Most of these devices were too rapid for the wires'
tensile strength, breaking them prior to sufficient deployment. Prior
to 1979, only one successful triggered strike was discharged at Mt. Baldy.

Concurrent with the French early activities, a rocket/wire trigger
was achieved using an ENTAC 58 rocket (Standler, 1977). Although only

the initial current in the wire was measured; a comparison of the ENTAC

14




rocket flight characteristics with the French “Peregrelle" should provide

an insight into the required processes of the triggering technique itself.

In 1979, the author participated with NMIMT and three French
experimenters Drs. Boulay, LaRoche, and Eybert in rocket lightning-
triggering experiments as part of the Thunderstorm Research International
Program (TRIP 79). The French were invited and sponsored by NMIMT and
the author's organization, AFWAL/FIESL, to set-up and fire several of
their “counterhail" triggering rockets at Mt. Baldy in a similar
fashion to their St. Privat d'Allier station. One standard trigger

(following the wire) and one anomalous triggered discharge resulted

[ from three firings showing comparable success percentages over mountainous

terrain as over flatland or water. Only limited data was obtained

(Baum, 1980; Boulay, 1980), it will only be highlighted in this report.
These successful triggers demonstrated that the mountain site did not

generally present fundamental problems to the triggering concepts.

during these triggered discharges and since it has been analyzed elsewhere
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I11. EXPERIMENTAL PROCEDURE

This chapter describes the general arrangement of the experimental
site and equipment used in the two storm seasons (1979-1980) atop
Mt. Baldy. The 1979 set-up is discussed to accentuate the changes that
were included for the following year experiment conducted as part of

this thesis.

Equipment

Two different types of wire/rockets were employed during the two
Mt. Baldy thunderstorm seasons discussed in this thesis. The 1979 season
utilized the French "Peregrelle” or "counterhail" rocket system which
is the same system used at the French station at St. Privat D'Allier
(Boulay, 1979). This rocket's significant function was to elevate a
single 0.2 mm diameter stainless steel wire uncoiling from a bobbin to
an approximate maximum altitude of 500 m with a maximum velocity of
180 m/sec. The wire bobbin could be grounded or electrically isolated
from data instrumentation prior to a triggered discharge.

Electric and magnetic field measurements were only obtained from
the second of the two discharges (anomalous trigger) by standard EG&G
design B dot and D dot sensors (Baum, 1978; EG&G, 1980) mounted atop
an underground instrumentation station (KIVA). The magnetic field is
derived by integration and vector summing outputs from two orthogonal
multi-gap loop (MGL B dot model 3) sensors with a frequency response of
78 MHz, and fastest risetime < 4.5 nsec. The electric field is obtained

by integration from an asymptotic conical dipole (ACD-5(R) D dot) sensor

SN




with a frequehcy response of 75 MHz, and < 4.5 nsec risetime. The iy
outputs of these sensors were input to BIOMATION 8100 transient
digitizers which at their maximum sampling rate (100 MHz) had only a
20 us window for data acquisition. Although triggered via the internal
amplitude threshold mode, the BIOMATION pre-trigger option permits
observing sensor output up to 5 us before the threshold trigger.

A network installed along the 2 km mountain ridge of five (5) field
mills having a four blade chopper frequency of 1800 r.p.m. (120 Hz)
provided the slow E-field data. The positions of the rocket launch
sites and the mills at South Baldy Peak, Tower Site, Balloon Hangar,

West Knoll, and Langmuir Lab are shown in Figure 2. I
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Figure 2: Map of the Mount Baldy Test Site
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The "counterhail" rockets were fired from the instrumentation

trailer site using the Tower Site field mill as the indicator for strong

fields and, therefore, a good chance of triggering a lightning discharge.
The experiment for the following season entailed several changes,
most notably the launch site was moved from the trailer site to atop
South Baldy Peak, 15 meters away from the KIVA, and a different
rocket type was used in the triggering attempt. Firing from the
mountain peak was advantageous due to the normally higher field strength
there relative to the trailer site. The rockets used were ENTAC 58s
with the warhead replaced by an iron dummy. A standard ENTAC 58 is
shown in Figure 3. The advantage of the ENTAC over the Peregrelle”
is its internally contained wire bobbin that deploys two .2 mm steel
wires which are "at rest" with respect to the surrounding atmosphere.
This method reduced the chance of wire breakage and abortive trigger
attempts. A disadvantage, however, is the ENTAC's slower velocity,
accelerating and sustaining 180 mph (80.5 m/sec), less than half of

the velocity of the "Peregrelle”.
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Figure 3: Diagram of ENTAC 58 Rocket

18

R T e R E—-—




The rocket's trailing wire was grounded via 2 cm braid to a copper

grounding rod driven into the ground beside the launcher. Around the
braid was a Pierson Mod. 310A Current Transformer (CT) with attenuators
to achieve an 8800: 1 relation of current through the CT to voltage output.

The CT frequency response was 100 MHz. An E-field change meter, with

an RC time constant of 0.025 seconds, was mounted atop the KIVA located
southeast of the grounding rod. The CT, b dot and D dot sensor outputs 4
were recorded on computer controlled BIOMATION 8100 transient digitizers.

A microphone was positioned at the KIVA for recording thunder

instances for timing correlation. The rocket launch would also be
detected by this "thundermike". The outputs from the microphone, field

mills, and E-field change meter were recorded on 1 MHz FM tape. Photo-

graphic coverage was accomplished by two video tape recorders (60 frames/
sec) stationed at the Balloon Hangar and Langmuir Lab buildings.

The KIVA field mill was used as the firing indicator for these
attempts until the first successful trigger overloaded and destroyed
the read out instrumentation. Thereafter, the rockets were fired at

random since real time knowledge of the fields strength was unknown.




IV_RESULTS

The raw data from the 1980 experiment is presented and interpreted

in this chapter. The data are grouped into electromagnetic and

optical categories.

General Results of 1980 Season

During the 1980 thunderstorm season research for this thesis, four
ENTAC 58 rockets were launched in attempts to trigger lightning. The
first rocket was fired during light rain and infrequent intracloud

lightning. It resulted in two small discontinuities of the local field

mill record, but did not trigger a visible or audible stroke to ground.
The second attempt, fired during similar conditions, successfully ;
triggered a stroke following the wire to ground. This discharge

over loaded and destroyed the real time readout of the field mill used ’
as a firing indicator. The following two attempts were fired at j
random during heavy rain and frequent visible lightning. No triggered

discharge resulted from either of these attempts, but it was later

discovered that the E-field at time of firing was relatively Tow

(1ess than 6 KV/m).

Electromagnetic Fields

The E-field records for the first ENTAC firing are shown in
Figures 4a and 4b. It shows the rocket being fired when the KIVA field

was a stable 8.6 KV/m, and as the wire deployed elevating the “ground"”

potential, the E-field dropped to -6.4 KV/m (for a net change of 15 KV/m)




where the first of two discontinuities occurred. It appears that these
are small, fast redistributions of separated charge, typical of K-changes
in natural lightning (Ogawa, 1964). Figure 4a shows both the effect

of the rocket firing in the nearby field mill and the correlated E-field
change meter. As the rocket deploys the wire (A), the E-field change

meter shows a distrubance typical of leader propagation (Uman, 1969)

g

before the first discontinuity (B). The second discontinuity is also

likely a K-change process. The smalier amplitude discharge and barely
detectable leader structure is evident of the K-change occurring farther
away from the sensor than the first. The thunder microphone positively

identified the rocket launch on the printout.

&

= 1.4 KV/m

i e T

E-field mil

=

!
: E-field change meter
{

1

'+ « 1 second

i

Thunder

Figure 4a: E-field from KIVA mill, E-field change record, and
thundermike output for 1st ENTAC firing (time
increases from left to right)
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Field mi11 records for 1st ENTAC firing: + 15 KV/m
full scale (time increases from left to right)
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These fie]d‘records can be correlated with the triggering rocket
trajectory. Initially, the rocket deployed the wire near vertically
for approximately four seconds before tipping over to travel horizontally
westward. After several more seconds, the rocket curved toward the
ground and eventual impact. The elevation of the grounded wire to
about 300 meters altitude, although much slower than a leader, affected
the field as would a leader. This is presumed to have triggered the
K-change at some higher altitude. Later, as the rocket traveled west,

a new charge volume would be accessible for possibly triggering the
second K-change in a similar manner.

The remainder of the field mill network (Figure 4b) shows little
influence from this launch, the Tower Site reflected only a 3 KV/m
change while the Balloon Hangar showed approximately 1.5 KV/m, and no
noticable effect was present at the further stations. This all suggests
a small charge distributed on the wire, only affecting the nearby local
area. The BIOMATIONs recording the CT, B dot and D dot data did not
trigger on this attempt.

The field records for the second rocket (and successful trigger)
are shown in Figures Sa, 5b, and 5¢c. The rocket was fired at a stable
KIVA E-field of 12.3 KV/m, reducing the gradient to 1.4 KV/m before the
high current return stroke is evident, jumping the E-field to -14.6 KV/m
for a total change of 26.9 KV/m during the flash. The thundermike shows
a 2.45 second delay from rocket launch to subsequent triggered discharge
and is consistent with the field change. During this time span, the
rocket would have reached an altitude of approximately 200 meters. The

trace with expanded time frame indicates a subsequent stroke beginning
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Figure 5a: Thunder vs KIVA E-field for triggered lightning discharge
(time increases left to right)
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Figure 5b: Expanded Time Scale of KIVA E-field and E-field Change
Meter for Triggered Discharge




